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Abstract: The shaftless ducted turbine (abbreviated as SDT), as an extraordinary innovation in tidal
current power generation applications, has many advantages, and a wide application prospect. The
structure of an SDT resembles a ducted turbine (abbreviated as DT), as both contain blades and a
duct. However, there are some structural differences between a DT and a SDT, which can cause
significant discrepancy in the hydrodynamic characteristics and flow features. The present work
compares the detailed hydrodynamic-energy loss characteristics of a DT and a SDT by means of
computational fluid dynamics (CFD), performed by solving the 3D steady incompressible Reynolds-
averaged Navier-Stokes (RANS) equations in combination with the Menter’s Shear Stress Transport
(SST k−ω) turbulence model and entropy production model. The results show the SDT features a
higher power level at low tip speed ratio (TSR) and a potential reduction in potential flow resistance
and disturbance with respect to the DT. Moreover, a detail entropy production analysis shows the
energy loss is closely related to the flow separation and the reverse flow, and other negative flow
factors. The entropy production of the SDT is lessened than that of the DT at different TSR. Unlike
the DT, the SDT allows a large mass flow of water to leak through the open-center structure, which
plays an important role in improving the wake structure and avoiding the negative flow along the
central axis.

Keywords: tidal current energy; shaftless ducted turbine; ducted turbine; hydrodynamic characteris-
tics; energy loss; entropy production

1. Introduction

The world is increasingly becoming concerned about environmental issues and fos-
sil fuel consumption; the production of electricity from renewable sources (e.g., wind,
hydro, wave, tide, biomass, geothermal, etc.) can effectively minimize environmental
pollution and fossil fuel consumption. In particular, tidal current energy will have a great
advantage in the future, mainly due to its great potential in electricity generation and high
predictability [1,2]. In the last decade, a number of commercial and academic institutions
have improved technologies that enable the conversion of energy from tides and currents
into electrical power [3]. Technology for extracting energy from tidal currents mainly
includes turbine systems and non-turbine systems. Turbines are a mature technology, with
satisfactory performance and reliability levels. Although many tidal turbine designs have
been proposed throughout the years, configurations and improvements are consistently
being conducted. Among them, horizontal axis turbines with two or three blades (similar
to wind turbine) are the most successful commercial applications [4].

In order to make the horizontal axis turbine system more viable and competitive,
efforts are being made to increase its energy-efficiency. One option is through blade
(blade chord length, twist angle) and hydrofoil (shape, thickness) optimization, which
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aim to increase the tangential forces and reduce axial drag forces based on the genetic
algorithm [5,6]. Another option is contra-rotating rotors, which allow the devices to
harvest more power, compared to a single rotor; there are advantages (i.e., in structural
design and mooring arrangements) due to the near-zero reaction torque on the supporting
structure [7,8]. Moreover, the Venturi effect phenomenon is induced through the duct, and
the axial velocity increases along the constriction. Using a duct or a diffuser leads to an en-
hanced performance due to an increase in the flow velocity at the “throat” where the rotor
is placed. Therefore, as a result of the induced physical phenomena application, ducted
turbine (DT) configuration is a more effective way to increase its energy-efficiency [9].
The ducted turbine keeps the size of the rotor to a minimum, achieves higher power, and
does not increase the complexity of the device; it has captured the attention of researchers
across the globe. Various aspects of ducted turbines, via numerical and experimental
analyses, have been studied in recent years. Baratchi et al. [10] used the actuator disc
theory to analyze the power and thrust of two ducted turbines under different conditions.
Fleming et al. [11] investigated the difference in velocity through ducts by the actuator disc
theory. Allsop et al. [12] proposed a tool to analyze the hydrodynamic characteristics of
ducted turbine based on the blade-element momentum theory (BEMT). Guo et al. [13] exper-
imentally tested the running state and output power of a duct turbine. Matheus et al. [14]
analyzed the hydrodynamic characteristics on two ducted turbines by numerical simulation
and an experimental test. Déborah et al. [15] proposed a new design method to optimize
the blade in the ducted turbine. Rezek et al. [16] proposed a new design method to optimize
the duct in the ducted turbine. Tampier et al. [17] numerically analyzed the hydrodynamic
interaction between a duct and a rotor. Nachtane et al. [18] numerically analyzed the fluid
structure interaction of a duct based on two kinds of composite materials.

Although the conventional DT system can meet the power improvement demand,
it has a drawback. The intermediary equipment, such as the external generator, gear
box, and supporting structure, occupy a lot of space, and may cause some interference
to the internal flow field. In order to overcome this drawback in a conventional DT
system, as mentioned above, a novel power generation concept was recently brought
forward—the shaftless ducted turbine (SDT). Borg et al. [19] numerically analyzed the
hydrodynamic characteristics of a SDT, which is similar to the Cape Sharp project [20].
The SDT is rim-driven instead of shaft-driven, and there is no tip clearance between the
blade tip and the duct. In a SDT device, the power generation system is integrated into the
duct structure and the intermediary supporting structure is removed. Figure 1 shows the
structural comparison between a DT and a SDT. The integrated design of the SDT makes
the component arrangement much more compact compared to the DT system; therefore,
installation and management are more flexible.

Figure 1. Structural comparison between a DT and a SDT: (a) DT; (b) SDT.
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The SDT, as an extraordinary innovation in tidal current power generation appli-
cations, is similar to a conventional ducted turbine in its structural design. However,
few studies have investigated the detailed hydrodynamic characteristics between them,
particularly energy loss characteristics. This paper aims to discover the differences in
hydrodynamic-energy loss characteristics between a DT and a SDT via the computational
fluid dynamics (CFD) tool. The hydrodynamics and flow features analysis relating to a
RDT in comparison to a DT configuration is presented. Moreover, by means of the entropy
production analysis, the effects of energy loss distribution in the wake is evaluated and
quantified; it helps provide further insight into each performance characteristic and to
further understand the energy loss mechanism from a DT and a SDT. This manuscript
is organized as follows: relevant theory, model setup, and validation are presented in
Section 2. A detailed compared discussion for a DT and a SDT are presented in Section 3,
and the conclusion is summarized in Section 4.

2. Numerical Methods
2.1. General Features

The Reynolds-Averaged Navier-Stokes (RANS) equations were employed to resolve
the flow field. The incompressible equations can be written as:

∂ui
∂xi

= 0 (1)

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj

(
µ

∂ui
∂xj
− ρu′ iu′ j

)
+ fi (2)

where ui represents time averaged velocity, p is time average pressure, ρ is fluid density,
fi is body force.

The hydrodynamic characteristics of a tidal-stream turbine are often described by the
non-dimensional coefficients, including tip speed ratio (TSR), power coefficient (CP), and
thrust coefficient (CT), which can be computed, respectively, as follows:

TSR =
ωR
V0

=
πnR
30V0

(3)

CP =
P

0.5ρAV03 (4)

CT =
T

0.5ρAV02 (5)

where P represents the output power (W), T represents the rotor thrust (N), V0 represents
current velocity (m/s), n represents the rotor angular velocity (rpm), and A represents area
of a reference surface (πR2 −m2), R is the radio of rotor (m).

2.2. Entropy Production Theory

The entropy production theory is a form of the second law of thermodynamics, which
reveals entropy production as an inevitable process of the energy dissipation effect during
energy conversion processes. As the specific heat capacity of water is high, in numerical
simulation of a tidal-stream turbine flow field, the temperature is considered constant
during the calculation process. When ignoring the heat transfer, the loss of mechanical
energy will be converted into internal energy because of two reasons: the viscous stress
within the boundary layer and the turbulent fluctuation stress in high Reynolds-number
regions. Thus, from a thermodynamic point of view, the dissipation of fluid energy between
a DT and a SDT could be evaluated by using the entropy production analysis.

In a turbulent flow, the total entropy production rate consists of two parts. One part
is the entropy production rate induced by viscosity, namely

.
SD

′′′ . The other part is the
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entropy production rate induced by turbulent, namely
.
SD′

′′′ . To calculate
.
SD

′′′ and
.
SD′

′′′ ,
the below equations are used [21,22]:
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where, T represents temperature; u, v, w represent time-averaged velocity on x, y, z
direction; u′, v′, w′ represent turbulent fluctuation velocity on x, y, z direction; µ represents
dynamic viscosity.

However, for the Reynolds-Averaged Navier–Stokes (RANS) equations, the com-
ponent of velocity fluctuation u′, v′, w′ cannot be directly obtained by solving k and ω

equations by Equation (7). According to Kock et al. [22] and Mathieu et al. [23], the
.
SD′

′′′

could be calculated, approximately, as follows:

.
SD′

′′′ = β
ρωk

T
(8)

where, β is the experimental constant of the SST k − ω turbulent model [24] (used in
this study), which is equal to 0.09 [25], ρ represents fluid density, ω represents specific
dissipation rate, k represents turbulence kinetic energy.

Hence, the entropy production could be obtained from integrating the flow calculation
domain. The expressions are as follows:

SDV =
∫
V

.
SD

′′′ dV (9)

SDT =
∫
V

.
SD′

′′′ dV (10)

SD = SDV + SDT (11)

where, SDV represents entropy production induced by viscosity, SDT represents entropy
production induced by turbulent, SD represents total entropy production. These equations
are solved using the ANSYS Fluent software (Ansys Inc., Canonsburg, PA, USA).

2.3. CFD Model

A typical three-blade rotor [26] with a diameter of 2 m is used for this study, the hub
diameter is 0.1 D (D is rotor diameter). The dimension diagram of the duct is shown in
Figure 2. The DT contains the duct and the rotor, and has a tip clearance of 0.05 D. The
same structural and dimensional configurations are kept for the SDT, except with the hub
removed, and the blade tip directly connected to the inner ridge of the duct. The schematic
view of the DT and the SDT are shown in Figure 3.

The calculation domain is shown in Figure 4. The inlet is located 5 D upstream
of the turbine center and the outflow 15 D downstream. The computational domain is
divided into the stationary zone and rotatory zone by conformal interfaces, and the rotor
is contained in the rotatory zone. The Moving Reference Frame (MRF) model is used to
simulate the rotating effect for both cases. The mesh is generated with an unstructured
mesh. Assuming incoming velocity is 1.5 m/s and a reference length is equal to the rotor
diameter (2 m), the Reynolds number is about 3.0 × 106. The prism layers are placed on the
DT and the SDT surface with smooth transition normal to the walls. The first layer height
satisfies Y+ = 1 condition and 10 prism layers are placed for both cases. The detailed mesh
on the SDT is shown in Figure 5. A mesh independence assessment of three sets of meshes
on the SDT at 1.5 m/s and TSR = 4.0 is shown in Table 1, which is carried out by analyzing
CP and CT . Finally, the medium set is used for the subsequent calculations.
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Figure 2. Dimension diagram of the duct.

Figure 3. Schematic view of the DT and the SDT.

Figure 4. Calculation domain.
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Figure 5. Mesh distribution: (a) volume mesh; (b) surface mesh.

Table 1. Mesh independence assessment.

Mesh
Density

Total Cells
(Million) CP CT

Coarse 6 0.5492 0.9046
Medium 8 0.5512 0.9063

Fine 10 0.5519 0.9068

After the mesh independence study, the numerical results of the three-blade rotor
are compared with experimental data to validate the CFD model, as shown in Figure 6. It
can be seen that there is a certain deviation between CFD results and experimental results.
The deviation may be attributed to the following reasons: the CFD simulation of a real
flow field cannot be synchronized due to the influence of environmental factors, such
as velocity, temperature, and density. Moreover, the SST k − ω model assumes a fully
turbulent boundary layer, which may not be the case on certain parts of the rotor surface,
as the current speed and rotational speed is relative small. On the other hand, the CFD
simulation ignores the influence of mechanical structure factors, such as the friction of
connection structure and the energy loss of the generator. However, the error is within
the acceptable range (the maximum deviation is 5.8%), which verifies and validates the
numerical model.

Figure 6. Validation of the numerical model in this study by the experimental results of Song et al. [26]
for the three-blade rotor.
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3. Results and Discussion
3.1. Hydrodynamic Characteristics

For both cases, calculations are carried out for a free stream velocity of 1.5 m/s and
different TSR, which is changed by modifying the rotational speed. The power level
comparison between the DT and the SDT is given in Figure 7. The maximum output
power of the DT is 2983 W, and the maximum output power of the SDT is 2995 W. The
hydrodynamic characteristics comparisons between the DT and the SDT are given in
Figure 8, in which the power coefficient, CP, thrust coefficient, CT are shown based on the
hydrodynamic coefficient definitions, as mentioned before.

Figure 7. Power comparison between the DT and the SDT.

Figure 8. Hydrodynamic characteristic comparisons between the DT and the SDT: (a) power coefficient; (b) thrust coefficient.
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It can be observed that the CP and CT of each case firstly increase, and reach a
maximum, then decrease with the increase of TSR. The structural differences between the
DT and the SDT cause the different momentum and load values acting on each blade. For
the DT, the optimum CP at TSR of 4.5 is 0.549, the CP increases with an increase in TSR
when at 3.0 < TSR < 4.5. For the SDT, the optimum CP at TSR of 4.0 is 0.551, and the CP
increases with an increase in TSR when at 3.0 < TSR< 4.0. The SDT features a higher CP
level when at 3.0 < TSR < 4.25 with respect to the DT, and the range of high performance
(CP > 0.5) is quite extended (3.1 < TSR < 4.75), which is suitable for operating at lower
TSR. In addition, due to the SDT reference area (A = πR2) being considered, the CP will
increase if A is based on the swept area, rather than the reference area. In this respect, the
swept area is 90% of the reference area, hence increasing CP of the SDT by a magnitude of
1.2346. On the other hand, the CT for both cases increase with the increase of TSR when
at 3.0 < TSR < 5.0. The SDT has a slightly higher CT with respect to the DT, obtained at
3.0 < TSR < 4.0, while the DT shows a significant improvement in the CT at higher TSR. It
may also be acknowledged that, since the power generation equipment is integrated into
the duct structure as a whole system, and the intermediary supporting structure is removed
as mentioned before, the SDT may have lower flow resistance and disturbance than the
DT in operating conditions; thus, the stability and reliability of the system is improved.
Therefore, the SDT configuration allows the achievement of a higher amount of extracted
power at lower TSR, with a potential reduction in flow resistance and disturbance.

Figure 9 shows the axial velocity distribution comparison between the DT and the
SDT at different TSR. It can be observed that the wake shows an obvious low velocity
region, with flow separation behind the “trailing edge” of the duct for both cases. Such
flow separation phenomenon is extensive at TSR = 4.0, and diminishes at TSR = 6.0 due to
the reduction of the velocity gradient between the inner ridge and outer edge of the duct
with the increase of TSR. Moreover, for the DT, a part of the incoming flow is blocked by
the hub, forming a large range of a low velocity region, which can be clearly identified, as
shown in Figure 9a. The velocity distribution varies significantly in accordance to certain
regions of the wake, which demonstrates a negative flow structure near hub intermixing at
TSR = 4.0, but such a low velocity region is significantly narrowed at TSR = 6.0, as shown
in Figure 9c. For the SDT, it shows a larger area interested by the axial velocity increase,
as shown in Figure 9b,d. A large mass flow of water is permitted to leak through the
open-center structure, forming a high velocity region, which improve the wake structure
along the central axis, and such a high velocity region gets bigger with the increase of
TSR. Besides the velocity distribution, wakes are also characterized by turbulence levels.
Turbulent kinetic energy (TKE) distribution comparison between the DT and the SDT at
different TSR is presented in Figure 10. Similarly, as a result of the flow separation, the
high TKE is induced behind the trailing edge of the duct for both cases. The wake exhibited
a significant degree of TKE induced along the central axis for DT, as shown in Figure 10a,c,
where the turbulent flow was shed down the surface, with substantial disorganization
within. For the SDT, the highly turbulent flow is not obvious at the central axis area, as
shown in Figure 10b,d.
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Figure 9. Axial velocity distribution comparison between the DT and the SDT: (a) DT at TSR = 4.0; (b) SDT at TSR = 4.0;
(c) DT at TSR = 6.0; (d) SDT at TSR = 6.0.

Figure 10. Turbulent kinetic energy distribution comparison between the DT and the SDT: (a) DT at TSR = 4.0; (b) SDT at
TSR = 4.0; (c) DT at TSR = 6.0; (d) SDT at TSR = 6.0.
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3.2. Energy Loss Characteristics

The entropy production comparison between the DT and the SDT is presented in
Figure 11, in which the viscous dissipation entropy production, SDV , turbulent dissipa-
tion entropy production, SDT , are shown based on the entropy production definitions as
mentioned previously.

Figure 11. Entropy production comparison between the DT and the SDT: (a) viscous dissipation entropy production;
(b) turbulent dissipation entropy production.

It can be observed that, all of the curves have similar shape, but with different values.
The velocity gradient between the inner ridge and outer edge of the duct is higher at lower
TSR, resulting in flow separation along the duct for both cases, intermixing free-stream
velocity and inducing reverse flow at the trailing edge of the duct as discussed previously.
Thus, the SDV and the SDT show a high value at lower TSR. With the increase of TSR,
the velocity gradient and the flow separation along the duct decrease. However, the
blades have a significant momentum exchange effect with the incoming flow at higher
TSR, resulting in obvious variations in the velocity profiles around the blades, which lead
to large energy loss. Therefore, the SDV and SDT of each case first decreases and then
increases with an increase of TSR. In addition, the SDT of each case is much higher than
the SDV , which accounts for around 99.8% of the total production at different TSR. Thus,
turbulent dissipation is considered the main reason for generating irreversible energy loss
for both cases. Moreover, the SDV of the SDT is lessened, compared to that of the DT, with
a decrease of 11.3%, as shown in Figure 11a; the SDT of the SDT is also lessened, compared
to that of the DT, with a decrease of 6.2%, as shown in Figure 11b. This could be due to the
structural differences between the DT and the SDT, as discussed later.

Figure 12 shows the total entropy production rate distribution comparison between
the DT and the SDT at different TSR. It can be observed that the entropy production rate
behind the trailing edge of the duct is relatively high for both cases, and is extending
toward the downstream. This means that the flow separation and the reverse flow induced
behind the trailing edge of the duct causes an obvious degree of energy loss as discussed
previously. Moreover, from Figure 12a–d, it can be further seen that a higher entropy
production rate region appears downstream at TSR = 6.0, compared to that at TSR = 4.0,
because the high rotational speed blades strongly interacting with the incoming flow, as
discussed previously; thus, the higher TSR causes a higher entropy production. Moreover,
the entropy production rate distribution of the SDT is more uniform than that of the DT.
As shown in Figure 12a,c, a recognizable entropy production rate region appears behind
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the hub of the DT, which also matches the low velocity region in Figure 9a,c and the TKE,
as shown in Figure 10a,c, behind the hub. However, it is interesting to observe that the
above entropy production rate region is not obvious in the SDT shown in Figure 12b,d.
The open-center structure has improved the wake structure and avoided the negative flow
along the central axis as discussed previously in Figure 9b,d and Figure 10b,d. Therefore,
the open-center structure in SDT seems to give an advantageous effect of reducing the
entropy production rate region along the central axis, which also explains the entropy
production of the SDT is lessened when compared to that of the DT, as shown in Figure 11.
In addition, comparing Figures 10 and 12, it can be seen that the TKE distribution is similar
to the entropy production rate distribution, in particular, the entropy production analysis
has successfully captured the signatures of the energy loss areas induced by flow separation
and reverse flow behind the trailing edge of the duct for both cases, and along the central
axis for the DT. Therefore, the entropy production analysis used in this study has proven its
ability to identify the signatures of energy loss areas due to the flow separation, the reverse
flow, and other negative flow factors, weighing how serious the losses are, quantitatively.

Figure 12. Total entropy production rate distribution comparison between the DT and the SDT: (a) DT at TSR = 4.0; (b) SDT
at TSR = 4.0; (c) DT at TSR = 6.0; (d) SDT at TSR = 6.0.

4. Conclusions

This work presents a detailed hydrodynamic-energy loss characteristic comparison
study for DT and SDT; it was carried out by 3D steady-state computational fluid dynamics
simulations and entropy production analysis. From the results, considerable advantages
are observed for SDT configuration.

Due to the structural differences between the DT and the SDT and the effect of flow
interaction at the upstream surfaces of the blades with that at the downstream blade
surfaces, the momentum and load values acting on each blade of both cases are different.
The SDT (peak power coefficient of 0.551 at TSR of 4.0) features a higher CP level when at
3.0 < TSR < 4.25 with respect to the DT (peak power coefficient of 0.549 at TSR of 4.5). The
SDT has a slightly higher CT with respect to the DT obtained at 3.0 < TSR < 4.0, while the
DT shows a significant improvement in the CT at higher TSR. Moreover, due to the SDT
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reference area (A = πR2) being considered, the CP will increase if A is based on the swept
area, rather than the reference area. Since the power generation equipment is integrated
into the duct structure as a whole system and the intermediary supporting structure is
removed, the SDT may have lower flow resistance and disturbance than the DT. In addition,
an obvious low velocity region with flow separation is behind the trailing edge of the duct
for both cases. As a result of the flow separation, the high TKE is induced at the same area
for both cases. The most significant phenomenon, however, is near the central axis—a part
of the incoming flow is blocked by the hub of the DT, forming a range of a low velocity
region along the central axis. Unlike the DT, the SDT allows a large mass flow of water
to leak through the open-center structure, which improves the wake structure along the
central axis.

The SDV and the SDT first decrease and then increase with the increase of TSR for
both cases. The SDT of each case is much higher than the SDV , which accounts for around
99.8% of the total production at different TSR. Thus, turbulent dissipation is considered
the main reason for generating irreversible energy loss. The energy loss is closely related to
the negative flow attached on (or shed down) the turbine surface. In particular, turbulent
interaction of flow separation, the reverse flow, and other negative flow factors can cause
high turbulent entropy generation. Both the SDV and the SDT of the SDT are “lessened”
compared to that of the DT at different TSR, also due to the open-center structure, improv-
ing the wake structure and avoiding the negative flow along the central axis. The entropy
production analysis used in this study has proven its ability to capture the signatures of
these energy loss areas, weighing how serious the losses are quantitatively. Moreover, the
entropy production analysis can be used as a diagnostic design tool to locate the critical
regions for the development and improvement of turbines by using CFD simulations.
Accordingly, the insight gained into the structure of the energy loss creates the opportunity
to optimize the turbine geometry and better turbine designs can be developed. Further, the
entropy production analysis can give deep insight into different flow mechanisms.
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